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Abstract. The properties of the subduction interplate do-
main are likely to affect not only the seismogenic potential
of the subduction area but also the overall subduction pro-
cess, as it inﬂuences its viability. Numerical simulations are
performed to model the long-term equilibrium state of the
subduction interplate when the diving lithosphere interacts
with both the overriding plate and the surrounding convec-
tive mantle. The thermomechanical model combines a non-
Newtonian viscous rheology and a pseudo-brittle rheology.
Rock strength here depends on depth, temperature and stress,
for both oceanic crust and mantle rocks. I study the evolu-
tion through time of, on one hand, the brittle-ductile tran-
sition (BDT) depth, zBDT, and, on the other hand, of the
kinematic decoupling depth, zdec, simulated along the sub-
duction interplate. The results show that both a high friction
and a low ductile strength at the asthenospheric wedge tip
shallow zBDT. The inﬂuence of the weak material activation
energy is of second order but not negligible. zBDT becomes
dependent on the ductile strength increase with depth (activa-
tion volume) if the BDT occurs at the interplate decoupling
depth. Regarding the interplate decoupling depth, it is shal-
lowed (1) signiﬁcantly if mantle viscosity at asthenospheric
wedge tip is low, (2) if the difference in mantle and interplate
activation energy is weak, and (3) if the activation volume
is increased. Very low friction coefﬁcients and/or low as-
thenospheric viscosities promote zBDT = zdec. I then present
how the subducting lithosphere age affects the brittle-ductile
transition depth and the kinematic decoupling depth in this
model. Simulations show that a rheological model in which
the respective activation energies of mantle and interplate
material are too close hinders the mechanical decoupling at
the down-dip extent of the interplate, and eventually jams the
subduction process during incipient subduction of a young
(20-Myr-old) and soft lithosphere under a thick upper plate.
Finally, both the BDT depth and the decoupling depth are a
function of the subducting plate age, but are not inﬂuenced
in the same fashion: cool and old subducting plates deepen
the BDT but shallow the interplate decoupling depth. Even
if BDT and kinematic decoupling are intrinsically related to
different mechanisms of deformation, this work shows that
they are able to interact closely. Comparison between mod-
elling results and observations suggests a minimum friction
coefﬁcient of 0.045 for the interplate plane, even 0.069 in
some cases, to model realistic BDT depths. The modelled
zdec is a bit deeper than suggested by geophysical observa-
tions. Eventually, the better way to improve the adjustment to
observations may rely on a moderate to strong asthenosphere
viscosity reduction in the metasomatised mantle wedge.
1 Introduction
The subduction interplate domain (considered either as a
plane or a channel, depending on the setting) is an inter-
face of seismogenic coupling at the time scale of one seis-
mic cycle, and also of kinematic decoupling on long-term
geological time scales. The properties of this very partic-
ular interface are likely to affect not only the seismogenic
potential of the subduction area but also the overall subduc-
tion process, as it inﬂuences its viability. However, the differ-
ent mechanisms governing the subduction interplate dynam-
ics remain poorly known. For instance, a great variability of
the down-dip limit of the seismogenic zone is observed, en-
compassed between 30 and 70km (e.g. Pacheco et al., 1993;
Heuret et al., 2011). This depth might be (at least partly)
controlled by the brittle-ductile transition occurring along
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Fig. 1. (a) Deﬁnition of the interplate decoupling depth, zdec. An outline of high strain rate is schematically represented by the green line.
The light-dotted domain depicts the motionless upper lithosphere. The subduction interplate plane, here envisioned as a tangential kinematic
discontinuity, is coloured in black. The interplate weak layer, located at the subducting lithosphere surface as an oceanic subducting crust
layer, is depicted in grey. The “viscous blanket” refers to the thermal boundary layer formed by asthenospheric cooling at the subducting
lithosphere surface (Kincaid and Sacks, 1997). (b) Deﬁnition of the brittle-ductile transition depth, zBDT. The brittle-ductile boundary (red
line) connects rock elements where the pseudo-brittle strength, νb, equals the non-Newtonian viscosity, νv. The medium is modelled as brittle
above and ductile below, as sketch in the stress-depth diagram along the interplate plane on the right. The shallowing effect on zBDT of an
energy activation decrease, keeping constant the reference viscosity, is sketched in blue.
the subduction channel, and could thus depend on many
variables such as temperature, pressure, compositional vari-
ations, strain rate, etc. This implies a self-consistent equilib-
rium state of the subduction interplate, whose characteristics
would depend on the subduction setting. Numerical simu-
lations of subduction dynamics appear as one of the more
powerful tools to try to unravel the physics of the interplate
dynamics.
1.1 Modelling the subduction interplate in simulations
of convergence
Numerical modelling of subduction shows that the technique
used to simulate the kinematic decoupling between the two
converging plates has a huge inﬂuence on the produced fea-
tures interesting the modeller, especially at the convective
mantle wedge tip where the contact between the two plates
stops (Fig. 1a). There occur very high gradients in tempera-
ture, strain rate, and strength that eventually govern the most
characteristic patterns of the mantle wedge dynamics de-
tected at the surface: heat ﬂow increase in a domain of over-
all cooling, partial melting, and high ﬂux of expelled ﬂuids.
Also, numerical models demonstrate that the low strength
fault zone decoupling mechanically the two plates has to be
assigned to mimic a realistic convergence zone; otherwise, a
complete viscous mechanical coupling between plates takes
place and the lower part of the fore-arc mantle is ablated,
yielding an extreme heating at shallow depth (e.g. Eberle
et al., 2002). Several methods have been explored to de-
couple kinematically the two converging plates. A ﬁrst set
is based on kinematic assumptions, such as imposing: free
slip along the boundary (Furukawa, 1993); rigid and motion-
less fore-arc lithosphere (Peacock and Hyndman, 1999; van
Keken et al., 2002), or a progressive kinematic coupling be-
tween the upper lithosphere sublayer and the subducting slab
(Kneller et al., 2005, 2007; Syracuse et al., 2010). Another
approach aims at simulating low strength/low shear along
the interplate boundary, by either assigning low viscosities
to the interface nodes (Billen and Gurnis, 2001; Kelemen
et al., 2003; Wada et al., 2008; Wada and Wang, 2009), or
limiting shear stress (Zhong and Gurnis, 1995; van Hunen
et al., 2002), or impeding fore-arc deformation if predicted
to occur in the brittle domain, itself being delimited by a
predetermined temperature (Conder, 2005; Syracuse et al.,
2010). Thermo-kinematic models with prescribed interplate
mechanics are useful to test speciﬁc assumptions suggested
by observations, such as partial melting domain extent and/or
geometry of the cold fore-arc nose, because subduction ge-
ometry can easily be adjusted to ﬁt the observed one. How-
ever,onepartoftheinvolvedphysicsregulatingtheinterplate
equilibriumcannotberesolvedanddemandsadynamicmod-
elling in which temperature, ﬂow, and stress evolve freely
and consistently as a function of their own interactions. This
is the main purpose motivating this paper.
In the present study, numerical models are performed to
study the equilibrium state of the subduction interplate when
the diving lithosphere interacts with both the overriding plate
and the surrounding convective mantle, after a 650–900km
length of subduction, i.e. when the subduction transient state
(more or less) ends. The decoupling interface geometry is
not ﬁxed and its properties are not assigned, as both evolve
as a function of advection of weak crustal material within
the interplate layer. Rock strength here depends on depth,
temperature and stress, for both the mantle and the weak
crust ﬁlling the interplate domain. The thermo-mechanical
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model combines a non-Newtonian viscous rheology and a
pseudo-brittle rheology. By combining these two mechanical
behaviours, one is then able to study how the bounds of the
brittle realm along the subduction plane, on the one hand,
and the down-dip extent of kinematic decoupling between
the two converging lithospheres, on the other hand, stabilise
through time and possibly interact, as a function of (1) rheo-
logical parameters and (2) subduction parameters (e.g. con-
vergence rate, subducting lithosphere and upper plate struc-
tures, asthenosphere ﬂows). Regarding item 2, this paper fo-
cuses on the inﬂuence of the subducting lithosphere age.
1.2 Depth of interplate kinematic decoupling vs. depth
of brittle-ductile transition
Kinematically speaking, the tangential displacement be-
tween the upper lithosphere and the subducting slab is de-
coupled on both sides of the interplate plane. Below the in-
terplate decoupling depth, mantle rocks overlying the sub-
ducting slab are passively dragged down by the latter. The
transition depth between decoupled motions above and cou-
pled displacements below is labelled the “interplate decou-
pling depth” (Furukawa, 1993). Advection of warm astheno-
spheric rocks occurs into the wedge to replace the mantle
dragged down along the slab by viscous coupling across the
slab top(labelled cornerﬂow, Fig.1a). Thisrising return ﬂow
is mainly passive. As a result, a large temperature jump oc-
curs across the slab top in the vicinity of the interplate de-
coupling depth, resulting in a drastic mantle viscosity de-
crease if the rheology is non-Newtonian and temperature-
dependent (Andrews and Sleep, 1974; Honda, 1985), and en-
tails a corner ﬂow focussing at the decoupling interface base.
Moreover, focused high strain rates, conﬁned in the decou-
pling interface until its down-dip extent, jump away from the
slab surface and reach the asthenospheric wedge over a rela-
tively narrow interval where thermal gradients are very high
(Fig. 1a). Therefore, the interplate decoupling depth results
from a thermomechanical equilibrium, probably depending
on the asthenosphere/interplate material strength contrast,
and also on subduction parameters, such as convergence rate,
that govern the interplate strain rates and ﬂow velocities in
the mantle wedge.
From the surface to a given depth along the interplate
plane, stress along the subduction plane increases with depth
together with the brittle yield stress. Meanwhile, temperature
increases and reduces the ductile strength. As a consequence,
the brittle stress increase ﬁnally crosses the ductile stress de-
crease at a depth where interplate stress is maximum, deﬁn-
ing the brittle-ductile transition (BDT, Fig. 1b). The depth of
BDT, zBDT, cannot exceed the interplate decoupling depth,
zdec, but some authors have assumed that the kinematic de-
coupling was occurring at the BDT (Furukawa, 1993; Con-
der, 2005; Arcay et al., 2007b,a, 2008). I test this hypothesis
in this paper and show that conditions required to simulate
zBDT = zdec may be much more restricted than initially ex-
pected.
Note that the BDT may result from a complex phe-
nomenon, possibly involving metamorphic reactions and
ﬂuid migration, as suggested by non-volcanic tremors (e.g.
Obara, 2002; Audet et al., 2009) and/or speciﬁc deformation
mechanisms (e.g. Branlund et al., 2001), which will not be
testedhere.Theinterplatedomainisheresimplymodelledby
a layer compositionally different from the surrounding man-
tle, with speciﬁc rheological parameters. In nature this inter-
face is probably made of pounded material mixing subducted
sediments and slices of over-riding crust torn during under-
thrusting (e.g. Lallemand et al., 1992; Lallemand, 1995; Col-
lot et al., 2011), therefore much weaker than the subducting
oceanic crust. Hence, its rheological properties are assumed
to be close to those of a continental crust to mimic the be-
haviour of a real subduction channel. From a technical point
of view, it is nevertheless easier to assume that the layer lo-
calising deformation has the geometry of the oceanic sub-
ducting crust. Its density must however be adjusted as if it
were oceanic crust to model correctly the slab pull and a re-
alistic force balance.
The paper starts with the description of the modelling
setup. Next, the dynamics of the subduction interplate is
simulated for two end-member ages of the subducting litho-
sphere, 100Myr and ∼ 20Myr, representing the interval en-
countered on Earth in the vast majority of subduction zones
(Heuret and Lallemand, 2005) (excluding three subduction
zones: Cascadia, Mexico, and the Chile triple junction where
the subducting plate is younger than 15Myr). I ﬁrst study
how zBDT and zdec equilibrate for a subducting plate ∼
100km thick, by varying brittle parameters and also the non-
Newtonian strength. I then lean on the derived conclusions
to explain why the subduction of a young lithosphere may be
sustainable or not, depending on the modelled rheology. The
inﬂuence of the convergence rate on zdec has been already
extensively studied elsewhere (Arcay et al., 2007b,a, 2008)
and is not investigated here.
2 Model setup
A thermochemical code of convection (Christensen and
Yuen, 1984; Christensen, 1992) is used to model subduc-
tion. It solves the momentum, energy, and mass conservation
equations. Rocks are assumed to be incompressible, except
for the thermal buoyancy term in the momentum equation,
and for the adiabatic heating term (Table 1) in the energy
equation (extended Boussinesq approximation). Shear heat-
ing (i.e. viscous and frictional dissipations) and uniform heat
production are also included in the heat conservation equa-
tion. Indeed, shear heating has been shown to help signiﬁ-
cantly strain localisation and weak strength inside the sub-
duction interface by sustaining high temperature (e.g. Doin
and Henry, 2001; Faccenda et al., 2008). The simulation
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Fig. 2. Boundary conditions for old and young subducting lithospheres and thermal conditions when subduction is initiated. The weak layer
geometry imposed at simulation start is depicted in blue. The subducting velocity, vsub, is imposed on the lithosphere in a 832-km-wide and
16-km-deep domain, respectively, counted from the box left-hand side and from the box surface, respectively. Slip is free on the remaining
surface at the top, which allows the subduction geometry for evolving freely. One isotherm every 400◦C. The temperature ﬁeld is constant
in the red dashed area, and mimics the lithosphere cooling from formation at the ridge (top left corner) to a chosen lithosphere age, Alith,
400km away. (a) Boundary conditions and initial state for a converging lithosphere 100Myr-old at the trench. Alith is set to 90Myr. (b)
Boundary conditions and initial state for a converging lithosphere ∼20-Myr-old at the trench. Alith is set to 10Myr.
box is 2220km wide and 555km high (Fig. 2). Composi-
tion (either mantle or weak crust) is tracked by two types
of tracer that have different densities and rheological proper-
ties. Buoyancy depends on temperature, through the thermal
expansion coefﬁcient, and composition (crust/mantle). Com-
positional tracers are advected with the velocity ﬁeld (van
Keken et al., 1997).
2.1 Mechanical boundary conditions and subduction
modelling
Subduction is simulated by applying a constant convergence
rateofvsub = 6.5cmyr−1 ontopoftheincominglithosphere,
on a 832-km-wide and 16-km-deep segment (Fig. 2). The
diving plate then evolves freely within the trench area. The
upper lithosphere is 100km thick and is here assumed to be
simply made of mantle rocks. The incoming plate is covered
by a 7-km-thick layer of “crust” material much weaker than
the underlying mantle. At simulation start, an initial 30◦ dip-
ping interplate layer made of weak crust material is imposed
fromthesurfaceto55kmdepth,atthemiddleofthebox.The
trench is hence initially located 1110km away from the left-
hand side of the box. Strain localisation along the interplate
boundary during convergence basically relies on the strength
contrast between the weak layer plane and the mantle, com-
posing the upper lithosphere and also the remaining part of
the subducting plate. Deformation localisation along the con-
vergence boundary is then a function not only of the speciﬁc
mechanical properties of the modelled mantle and crust, but
also on the interplate geotherm or, more precisely, on the dif-
ference between interplate and upper plate geotherms. If the
thermo-mechanical conditions are such that the weak crustal
material is able to localise deformation, the subducting man-
tle lithosphere bends, and the weak material ﬂows at the sub-
ducting plate surface to continuously ﬁll the initial interplate
channel. Subduction in this case is successfully initiated and
is sustained by the constant convergence rate.
The lower box boundary is open to prevent unrealistic slab
deformation that would occur if the slab encountered the box
base. However, a vertical resistance against ﬂow is modelled
in some simulations to help the convective mantle, if not re-
sistant enough, to compensate the subducting slab weight. If
k is the wavenumber of a harmonic vertical ﬂow ﬁeld, the
resistance to vertical ﬂows applied at box bottom, Rb, writes
as Rb = ν×k, where ν is the viscosity of the virtual material
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Table 1. Parameter names and values.
Parameter name Symbol Value
Box height H0 555km
Bottom temperature Tb 1888K
Surface temperature Ts 273K
Mantle density ρm 3300kgm−3
Mantle radiogenic heat production A 9.20×10−8 Wm−3
Adiabatic gradient

∂T
∂z

adiab
0.445Kkm−1
Thermal diffusivity κ 0.8×10−6 m2 s−1
Thermal expansion coefﬁcient α 3.5×10−5 K−1
Heat capacity Cp 0.971×103 J (Kkg)−1
Thermal conductivity k 2.56Wm−1 K−1
Dissipation number Di = αgH0
Cp 0.196
Gravity acceleration g 9.81ms−2
Weak layer thickness Hc 7km
Cohesive strength τ0 1MPa
Stress exponent in the viscous rheology n 3
Stress exponent in the brittle rheology np 30
Reference strain rate ˙ εref 10−14 s−1
Yield stress increase with depth (mantle) γm 1.6
that should underlie the open lower boundary. The boundary
condition along the box bottom is σzz−2Rbvz = 0, where σzz
is the non-hydrostatic vertical stress and vz is the vertical ve-
locity (Ribe and Christensen, 1994). By setting the reference
strain rate in the model, ˙ εref, to 10−14s−1, and the subduc-
tion velocity, vsub, to 6.5cmyr−1, the vertical scale length
of deformation is L = vsub/˙ εref, which deﬁnes here the main
wavelength of deformation, k−1. ν is set to either the normal
viscosity at box bottom, νBB: ν∗
BB = 1 in ν = νBB ×ν∗
BB (no
viscosity jump across the lower boundary, simulations S10
and S12 for instance in Table 2) or 10 times the viscosity at
555km depth (ν∗
BB = 10, e.g. simulations S12 and S13, Ta-
ble 2). Other mechanical boundary conditions are presented
in Fig. 2.
2.2 Thermal boundary conditions – modelling the
subduction of a constant age-at-trench lithosphere
The whole convective box is heated by a uniform radiogenic
source (Table 1). Along the surface, the temperature is set to
0 ◦C, whereas all other boundaries are insulating. At subduc-
tion initiation, the upper lithosphere thermal structure is that
of an old ('100Myr) and cold lithosphere, at equilibrium
with the underlying convective mantle, thence stable. The
same thermal state is applied for the incoming plate in mod-
els of 100-Myr-old lithosphere subduction (section 3). This
thermal structure ensures constant equilibrium between cool-
ing from above and heating from below by asthenosphere
convective ﬂows, which prevent any plate thermal thicken-
ing during subduction. The simulation box thermal struc-
ture is the result of a preliminary run in the same condi-
tions as described above, but without convergence velocity.
The lithosphere has ﬁnally a homogeneous 100km thickness
(Fig.2a),withbasalsmallperturbationsresultingfromsmall-
scale convection. A pseudo-ridge is imposed at the incom-
ing lithosphere extremity, and simulates the plate conductive
cooling from 0Ma to a chosen lithosphere age, Alith, on a
400km width (Fig. 2). The structure of this pseudo-ridge is
constantly sustained as a boundary condition, and is used to
re-generate the incoming lithosphere while it is consumed by
subduction. An overlying layer of 7-km, weak, crustal mate-
rial is also constantly maintained on the surface of the newly
formed lithosphere. As imposed by the assigned boundary
conditions, a segment of lithosphere of age Alith is located
710km away from the trench and undergoes an ageing of
'11My during its route to the subduction trench at a speed
of 6.5cmyr−1. As a consequence, the value of Alith is set to
90Myr to account for the newly formed lithosphere cooling
and thickening and to ﬁnally model a subducting lithosphere
of constant age.
The thermal thickness of a 20-Myr-old subducting litho-
sphere, deﬁned by the 1200 ◦C isotherm depth, should be
close to 52km according to the half-space cooling model
(Turcotte and Schubert, 1982). However, this thickness re-
sults in a predicted surface heat ﬂux of 69mWm−2 for the
thermal conductivity I assume (Table 1), while surface heat
ﬂux estimates of oceanic basin ﬂoor indicate a value of
rather '112mWm−2 for a 20-Myr-old oceanic lithosphere
(Doin and Fleitout, 1996a). This high heat ﬂux would im-
ply a quite thin lithosphere only 31km thick. A compromise
temperature gradient of 34.6 ◦Ckm−1 is imposed from the
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surface to the lithosphere base (39km depth) to mimic a
20-Myr-old plate. Alith is then adjusted to 10Myr to main-
tain a roughly constant lithospheric age of 20Myr at trench.
Note that the thermal structure of the interplate area is a bit
cooled at subduction onset for hot incoming plates to help
strainlocalisation.Theisothermsoftheincominglithosphere
are curved to be parallel to the subduction plane, which en-
hances the strength of the ﬁrst subducting lithospheric seg-
ment and favours deformation localisation within the weak
plane (Fig. 2b).
2.3 Rheology
2.3.1 Rheological model
The rheological model combines a pseudo-brittle rheology,
with a yield stress increasing with depth, to a non-Newtonian
creeprheology.Aneffectiveviscosity,νeff,isdeﬁnedthrough
the relationship: τ = νeff˙ ε, where τ and ˙ ε are the second in-
variants of the stress and strain rate tensors, respectively. The
effective viscosity is given by the harmonic average between
a brittle-plastic term, νb, and the non-Newtonian viscosity
strength, νv: ν−1
eff = ν−1
b +ν−1
v , assuming that the total defor-
mation is the sum of brittle and ductile strains.
The pseudo-brittle rheology is modelled through a yield
stress, τy, increasing with depth, z: τy = τ0 +γ(C)ρgz,
where τ is the cohesive strength at the surface and γ is a
coefﬁcient depending here on composition. This coefﬁcient
is related to the friction coefﬁcient, fs, through the relation-
ship (Turcotte and Schubert, 1982) :γ = 2fs(1−ρw/ρ)/(1+
f 2
s )1/2 −fs), where ρw is the water density. The effective
plastic viscosity, νb, is given by
νb = τy
˙ ε
1
np −1
˙ ε
1
np
ref
(1)
where ˙ εref is a reference strain rate and np is a large stress
coefﬁcient (Table 1). In the plastic domain, very large strain
rates are simulated as soon as stress exceeds the yield stress.
The non-Newtonian rock viscosity, νv, writes as
νv = A0exp

Ea(C)+Vaρgz
nRT

˙ ε
1
n−1 (2)
where T is temperature in kelvin, A0 the pre-exponential
constant, Ea the activation energy, depending on composi-
tion, Va the activation volume, n an exponent different from
1, and R is the gas constant (Table 1). The choice of a non-
Newtonian rheology in the creep deformation model favours
the development of a self-sustaining localisation of deforma-
tion within area of high strain-rate and low strength and fa-
cilitates subduction initiation (Billen and Hirth, 2005).
In two simulations (S13f14 and S13f14b, Table 2), a lo-
cal viscosity decrease is modelled in the mantle wedge area
by simulating (1) slab dehydration related to destabilisation
of oceanic crust hydrous minerals and deserpentinisation of
the underlying subducting cold mantle, (2) vertical migra-
tion of expelled ﬂuids and subsequent water-saturation of the
overlying asthenospheric rocks in the hydrated mantle wedge
area, and (3) hydrous strength weakening for hydrated man-
tle rocks. The model of slab dehydration prediction-mantle
wedge hydration in the absence of slab melting based on ac-
curate P −T phase diagrams was extensively described in
Arcay et al. (2005, 2006). I do not want to go into the de-
tails of the modelling, since the purpose in this paper is to
use it as a way to simulate a viscosity decrease only in the
vicinity of the mantle wedge tip where the subduction inter-
face ends. In a nutshell, the dehydration–hydration geome-
try is basically a function of the diving lithosphere thermal
state. For a 6.5cmyr−1 convergence rate and a 100-Myr-old
plate, the hydrated area width in the mantle wedge equals at
maximum 133km, 6.5Myr after subduction initiation, and
decreases to the steady value of 84km at 15Myr, as a conse-
quence of the subduction dip angle increase while slab pull
develops. I choose to reduce for water-saturated rocks the
pre-exponential constant in Eq. 2 to A0/14, which results in
a hydrous strength reduction of 143/2 ∼ 52 (Table 2) if the
effective non-Newtonian viscosity has to be expressed rather
as a function of the energy dissipation rate, (σ ˙ ε), than strain
rate, ˙ ε (Christensen, 1984; Dumoulin et al., 1999).
2.3.2 Choice of rheological parameter sets
The goal is to investigate the interplay between brittle and
ductile rheologies along the subduction interface. As brittle
deformation is mainly controlled by the friction coefﬁcient,
the only tested parameter is the weak layer frictional coefﬁ-
cient, γc, keeping constant the cohesive strength at the sur-
face, C0, the exponent np in Eq. 1 and the reference strain
rate, ˙ εref. To simplify, the mantle friction coefﬁcient, γm, will
also remain set to 1.6 (Table 1).
In this paper, creep behaviour is a function of temper-
ature, pressure, strain rate, and composition (mantle/weak
layer). The temperature- and pressure-dependence in vis-
cosity are respectively controlled by the activation energy
and the activation volume (Eq. 2). The effects of Va, weak
crust and mantle activation energies, Ec
a and Em
a , have to
be tested. Activation volume and activation energy represent
only strength gradients in the logarithm of viscosity (associ-
ated with thermal and pressure gradients, respectively), and
a reference viscosity at a given depth and temperature has
to be assigned. It has been shown that the effective viscos-
ity at the lithosphere base, corresponding to a minimum if
T- and P-dependences are both modelled, is crucial in trig-
gering of small-scale convective processes (e.g. Davaille and
Jaupart, 1993; Dumoulin et al., 2001; Morency et al., 2002;
Dumoulin et al., 2005), as well as in subduction initiation, as
it favours, if low enough, the corner ﬂow activation necessary
to stop the kinematic decoupling and mechanical coupling
between the two converging plates at high depths (e.g. Doin
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andHenry,2001;Kukaˇ ckaandMatyska,2004,2008).There-
fore, I choose to scale ductile strengths with different activa-
tion energies and volumes by adjusting the pre-exponential
constant, A0, in Eq. (2), to keep the asthenosphere viscosity
atthelithospherebase,νasth (z =100kmdepth,T = 1350 ◦C,
˙ εref = 10−14s−1), equal to 2.724×1019 Pa·s. Nevertheless,
the inﬂuence of νasth is also tested by modelling in a few
experiments a hydrous strength weakening associated with
mantle wedge metasomatism (see Sect. 2.3.1).
Hence, four different ductile rheologies are tested (la-
belled C6, C10, C12, and C13, Table 2), in order to inves-
tigate the respective inﬂuence of weak crust activation en-
ergy, Ec
a, mantle activation energy, Em
a , the difference be-
tween the latter two, 1Ea = Em
a −Eac, and the activation
volume of both compositions, Va. Rheology C6 simulates a
weak crust whose strength is close to the undried Adirondack
granulite studied by Wilks and Carter (1990) and a mantle
strength similar to the one of wet synthetic olivine (Karato
et al., 1986). Rheologies C6 and C12 are identical except for
a moderate difference in activation volume, and both sim-
ulate the ductile behaviours of, respectively, the dry maﬁc
granulite (Wilks and Carter, 1990) for the weak layer, and
an intermediate strength between wet dunite at low tempera-
ture (Chopra and Paterson, 1981) and wet olivine (Hirth and
Kohlstedt, 1996) at high temperature. Rheology C13 models
a weak crust close to the dry diabase studied by Kirby (1983)
and a mantle with a strength similar to wet Aheim dunite at
high temperature (Wilks and Carter, 1990) and encompassed
at low temperature between wet olivine in Kirby (1983) and
wet synthetic olivine in Karato et al. (1986).
Finally, since the depth of brittle-ductile transition may de-
pend on interactions between ductile creep and brittle defor-
mation, two strategies are followed to study this possible in-
terplay. On the one hand, the ductile thermo-mechanical pa-
rameters are kept constant, whereas I vary the crust frictional
coefﬁcient(rheologiesC10vs.C10LG;C13vs.C13HG;C13
vs. C14b, Table 2). On the other hand, the friction parame-
ter is kept constant in rheologies C6 and C12 (and in C13
and C13fnu14), whereas the combination of ductile rheology
parameters is changed.
2.4 Numerical resolution
The conservation equations are solved with a spline ﬁnite el-
ement method on a non-deforming grid (Eulerian approach,
Christensen and Yuen, 1984; Christensen, 1992). The simu-
lation box, 2220km wide and 555km high, is discretised into
332×90 nodes. The grid is reﬁned to improve resolution in
areas of high thermal and deformation gradients. Close to
the subduction plane and in the wedge tip area, the horizon-
tal and depth grid spacings are 2.8 and 2.3km, respectively.
Outside the mantle wedge, they are equal to 9.5 and 10.2km,
respectively. The tracer density is uniform over the simula-
tion box (1 per km2), with a minimum of seven tracers in
the smallest meshes. The numerical discretisation used here
as well as the tracer density was validated in a former study
(Arcay et al., 2005).
3 Interplate dynamics for an old incoming lithosphere
The two following sections describe how the interplate struc-
ture evolves as a function of rheological parameters when the
subducting lithosphere is old and ∼ 100km thick, i.e. when
the strength contrast between the weak interplate material
and the surrounding mantle is maximum. The weak “crust”
density is set to 2920kgm−3. The time window is encom-
passed between 10 and 14Myr, i.e. close to the end of the
subduction transient state, to capture both the main charac-
teristics of the subduction steady-state and of their evolution.
3.1 Estimate of zBDT and zdec
Let us ﬁrst deﬁne the brittle-ductile transition depth, zBDT,
and the interplate decoupling depth, zdec, in these simula-
tions. Figure 3a illustrates the subduction zone in simula-
tion S13, 16Myr after simulation start. As the subduction
interplate domain concentrates deformation, it corresponds
to a maximum in energy dissipation rate, compared to neigh-
bouring areas (Fig. 3b). The coordinates of the subduction
plane are thus extracted by looking for maximum dissipation
rates in a window encompassing the converging boundary,
and deﬁne the interplate sampling line depicted in Fig. 3a
and b. Four mechanical ﬁelds are then interpolated along
this line: dissipation rates, deviatoric stress, strain rate, and
temperature (Fig. 3c). Since brittle strength increases lin-
early from the surface to a maximum at the brittle-ductile
transition depth, zBDT is deﬁned by the depth of maximum
stress (Fig. 3c2). I verify that this depth is never deeper
than the brittle-ductile boundary deﬁned by the relationship
νv(x,z) = νb(x,z) (red line in Fig. 3b). Beyond the zBDT
depth, deformation is mainly ductile and stress decreases
while temperature keeps on rising. At the down-dip limit of
the subduction plane, the slab surface is in contact with the
asthenosphere and there occurs a strong increase in thermal
gradient. Asthenospheric rocks become there mechanically
coupled to the subducting plate. zdec is hence deﬁned by the
depth where the strongest temperature increase is recorded
along the interplate sampling line, which should correspond
to the location where isotherms at the mantle wedge tip be-
come sub-vertical (Fig. 1a and 3b). As deformation jumps
from the subduction interface to the asthenospheric tip at the
depth z = zdec, we verify that strain rate, dissipation rate and
stress decrease to zero for z > zdec (Fig. 3c).
3.2 Rheological parameters controlling the
brittle-ductile transition depth
Figure 4a summarises the modelled zBDT for all tested rhe-
ologies obtained between 10 and 14Myr after subduction on-
set. The brittle-ductile transition is usually not stabilised yet
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Fig. 3. (a) Simulation S13 (rheology C13, 100-Myr-old subducting lithosphere, Table 2), 16Myr after subduction initiation. The trench is
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particular case, the brittle-ductile transition depth, zBDT, is so close to the interplate decoupling depth, zdec, that they are assumed to be
equal.
in most cases, and either deepens or shallows through time,
but the order from the shallowest to the deepest BDT is gen-
erally constant. I focus on zBDT obtained 12Myr after sub-
duction initiation to discuss the effects of rheological param-
eters.
First, as one may expect, for constant asthenosphere vis-
cosityatthedown-diplimitofthesubductionplane(i.e.aside
rheology C13f14), the BDT depth is mostly dependent on the
crustal friction coefﬁcient, which deﬁnes the slope of yield
strength increase (Fig. 1b). zBDT is minimum for the highest
friction coefﬁcient (zBDT =47.9–50.4km, γc = 0.069, rhe-
ologies C10 and C14b) and progressively deepens as γc is re-
ducedinrheologyC13HG(zBDT =51.8±7km,γc = 0.061),
C12 (zBDT = 58km, γc = 0.045), C6 (zBDT = 64km, γc =
0.045), C13 (zBDT = 77km, γc = 0.034), and C10LG (γc =
0.007, zBDT ∼84km but the measurement is quite inaccurate
for this extremely low friction coefﬁcient). When friction co-
efﬁcient decreases, the brittle stress envelope intersects the
ductile stress curve at deeper levels (Fig. 1b and Fig. 5, com-
pare modelled brittle strengths in simulations S13 and S14b),
assuming that the interplate ductile strength is roughly con-
stant at a given depth from a simulation to the other. The
only exception to this rule is obtained in simulation S14b,
where zBDT is always deeper than in simulation S10 (at min-
imum by 2.6km at 12Myr, up to 11km at 10Myr), despite
the same friction coefﬁcient (γc =0.069). The inﬂuence of
the weak material activation energy appears here: if ductile
strengths are scaled to keep the asthenosphere viscosity con-
stant, a lower activation energy (Ec
a(C10) = 335kJmol−1,
while Ec
a(C14b) = 360kJmol−1) reduces the interplate vis-
cosity decrease for a given geotherm, and yields a zBDT
shallowing (Fig. 1b). Note that determining zBDT in sim-
ulation S14b is not straightforward (as in simulations S10
and S13HG), because stress does not strongly decrease after
the maximum stress and slowly lowers with depth, until the
abrupt reduction once zdec is exceeded (Fig. 5a). The depth
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Fig. 4. (a) brittle-ductile transition depth simulated as a function of
time elapsed from subduction initiation, for an old subducting litho-
sphere (simulations S6, S10, S10LG, S12, S13, S13HG, S13f14,
and S14 in Table 2). The question mark underlines the assumed es-
timate for zBDT at 12Myr for rheology C10LG, with an extremely
low friction coefﬁcient for the weak layer, which makes the mea-
surement impossible at that time. Minimum and maximum values
can nevertheless be measured, as illustrated by the uncertainty bar.
The assumed zBDT value at 12Myr is set to mid-depth in the un-
certainty interval, as it also corresponds to the interplate decoupling
depth at this time (b). It is indeed likely that zBDT = zdec in this
case. (b) Interplate decoupling depth evolution, for an old subduct-
ing lithosphere, simulated for the same models as in (a).
interval between zBDT and zdec in which stress gradually re-
duces in simulations S10, S13HG, and S14b is interpreted as
the crust ductile domain (Fig. 5c).
Apart from γc, the BDT depth is strongly inﬂuenced by the
asthenospheric viscosity. Simulations S13 and S13f14, dif-
fering by the mantle viscosity at the asthenospheric wedge
tip, clearly show a zBDT shallowing (by ∼ 11km) associ-
ated with the imposed mantle viscosity reduction. As de-
picted in Fig. 4b, the BDT depth equals the interplate de-
coupling depth at all times in simulations S13 and S13f14.
The interpretation in that speciﬁc situation is that the BDT
is controlled by the kinematic decoupling depth, zdec (see
Sect. 3.4). A softer asthenosphere is more easily entrained
by the slab surface, which shallows the kinematic coupling
between wedge mantle and subducting plate and results in a
zdec decrease. As a result, the enhanced heating at the sub-
duction plate down-dip extent softens the weak layer ductile
strength (Fig. 5, compare simulations S13 and S3f14), and
ﬁnally brings about the transition from brittle to ductile de-
formation closer to the trench (Arcay et al., 2007b, 2008).
At last, simulations show that an activation volume in-
crease shallows zBDT (compare simulations S6, Va = 1.5×
10−5 m3 mol−1, and S12, Va = 1.7×10−5m3 mol−1). Note
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Fig. 5. Stress proﬁles computed along the subduction interface for
an old incoming lithosphere, 12Myr after subduction initiation, for
simulations S10 and S14b in (a), and S13 and S13f14 in (b). (c)
Interpretative interplate strength proﬁle as a function of the rela-
tionship between zBDT and zdec.
that we obtain zBDT = zdec as soon as 10Myr, but only from
12Myr in simulation S6 (Fig. 4a and b). Therefore, the in-
ﬂuence of Va on zBDT may be the direct consequence of the
interplate decoupling depth dependence in Va (see Sect. 3.3).
Fig. 6 summarises the inﬂuence of rheological parameters on
zBDT and zdec for a 100-Myr-old subducting lithosphere.
3.3 Rheological parameters controlling the interplate
decoupling depth
The simulated interplate decoupling depth is always encom-
passed in a depth interval narrower than obtained for the
BDT (between 64 and 92km depth, whereas the zBDT inter-
val is 40–92km, Fig. 4b). Even though not completely sta-
ble at 12Myr, I focus again on interplate decoupling depths
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modelled 12Myr after subduction initiation, when it is close
to steady state.
3.3.1 Parameter with weak (to very weak) inﬂuence on
zdec: crust friction coefﬁcient
Considering models with constant asthenospheric viscosity,
simulations C13, C13HG, and C14b model very close zdec
values (∼87km depth), despite very different friction coefﬁ-
cients (Table 2). Similarly, simulations C10 and C10LG with
identical ductile rheological parameters but distinct friction
coefﬁcients converge towards the same zdec depth for sub-
duction durations longer than 12Myr, suggesting that the
friction coefﬁcient inﬂuence vanishes. Likewise, simulations
S10 and S14b with the same crust friction coefﬁcient but
different ductile parameters show very different kinematic
decoupling depths. I conclude that the interplate decoupling
depth is thus independent from γc.
3.3.2 Parameters governing zdec: asthenospheric
strength, activation volume, and activation energy
discrepancy between weak crust and mantle
By deﬁnition, zdec is the maximum depth of strain local-
isation along the interplate: for z > zdec, maximum strain
rates jump to the viscous blanket surface and the upper plate
base, but are not located within the subducting crust anymore
(Fig. 1a). This is further highlighted by the interplate sam-
pling line, materialising maximum dissipation rates along the
interplate, that jumps away from the weak layer precisely at
the depth z = zdec (Fig 3b). The fundamental role of the hot
corner ﬂow in subduction sustainability is to stop the kine-
matic decoupling between the converging structures (Doin
and Henry, 2001): both the compressive setting and the ther-
mal adherence between the cold subducting plate and the
cooled fore-arc maintain the mechanical coupling between
the converging plates until high depth and act to prevent a
dippingandself-sustainedsubduction.Thisisthereasonwhy
the viscosity at the lithosphere–asthenosphere boundary has
a signiﬁcant effect on zdec. The hydrous viscosity reduction
modelled in simulation S13f14 promotes the asthenosphere
drag by the subducting slab, which in turn ampliﬁes the heat
ﬂux advected by the return ﬂow towards the interplate down-
dip extent. Similarly, as mentioned above, a slight increase in
activation volume results in a moderate zdec shallowing (by
∼6km) (Fig. 4b). As the viscosity at the upper plate base
is identical in rheology C6 and C12, the Va increase em-
phasises the viscosity contrast with respect to shallower and
deeper strengths, which enhances the corner ﬂow focussing
at the mantle wedge tip (Kukaˇ cka and Matyska, 2008), and
shallows a bit the maximum depth of plate kinematic decou-
pling.
The last parameter affecting the interplate decoupling
depth is neither the activation energy of the weak crust ma-
terial, Ec
a, nor the mantle one, Em
a , alone, but is the dif-
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S13f14, and S14 in Table 2). Both depths are equal along the thick
black line. The inﬂuence of rheological parameters on zBDT and
zdec is highlighted in red and green, respectively.
ference between the latter two, 1Ea, if mantle strength,
νasth, at the mantle wedge tip, is unchanged (simulations
S6, S12, S13, and S10). zdec is minimum for the lowest
difference in activation energy between mantle and weak
crust (1Ea = 65kJmol−1, zdec =58 and 64km, rheologies
C12 and C6), deepens to ∼ 87km when 1Ea increases
(105kJmol−1, for rheologies C13, C13HG and C14b), until
its deepest value modelled for the highest 1Ea in rheology
C10 (155kJmol−1, zdec =92km). To understand this result,
note that the kinematic transition from decoupling to cou-
pling between the mantle wedge and the subducting plate
is controlled by the strength contrast (1) between the in-
terplate domain and the upper lithosphere, and (2) between
the subducting slab surface and the mantle wedge. Let us
consider the interplate segment encompassed between zBDT
and zdec in the ductile realm. The weak crustal material lo-
calises deformation along the subduction interface, because
it is weaker than the surrounding cooled mantle. However,
the interplate geotherm is much colder than a classical verti-
cal geotherm across a 100-km-thick oceanic lithosphere (see
Fig. 3c4). At the depth z = zdec, the cold subducted crustal
layer is suddenly strongly heated but never reaches the as-
thenospheric temperature (the weak layer temperature being
always lower than 800 ◦C, Fig. 3b). As a consequence, at the
depth of the lithosphere–asthenosphere boundary, the weak-
est layer is the asthenosphere and not the subducted crust
anymore, implying there is a jump of strain localisation to-
wards the hot mantle (Fig. 1b). Of course, the contrast be-
tween mantle and crust ductile strengths is given by 1Ea,
meaning that a high 1Ea promotes strain localisation within
the weak subducted crust until deep levels, which deepens
zdec. Note that the corner ﬂow is active if the asthenosphere
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Fig. 7. (a) Interplate proﬁles of dissipated energy rates simulated
12Myr after subduction initiation in models S6, S10, S12, S13, and
S10LG. (b) Corresponding geotherms simulated at the same time.
is successfully dragged downward by the slab, which occurs
only if the dragging layer at the slab–asthenosphere contact
is more viscous than the mantle wedge medium (as clearly
evidenced by Kukaˇ cka and Matyska, 2008). It is in fact the
subducting slab-induced cooling that is responsible for this
dragging (“viscous blanket” formation; Kincaid and Sacks,
1997, see also Fig. 1), or, in other words, the “lithospherisa-
tion” of the asthenosphere at the crust surface that triggers its
downwards ﬂow.
One may wonder if the interplate geotherm ﬁnally governs
the location of maximum kinematic decoupling. From the
surface to z = zdec, temperature within the interplate chan-
nel is strongly affected by the friction coefﬁcient, as γc con-
trols the shearing stress and thus the rate of dissipated energy
(Fig. 7a), if strain rate remains roughly controlled by the con-
stant convergence rate. As a consequence, dissipation rate
increases from simulation S13 (23.7µWm−3, 50km depth,
γc = 0.034) to simulations S6 and S12 (28.4µWm−3, γc =
0.045), to a maximum in simulation S10 (39µWm−3,γc =
0.069). This results in a signiﬁcant temperature difference
along the subduction interplate, as illustrated in Fig. 7b,
12Myr after simulation start (T = 454 ◦C in simulation S10
at a depth of 50km and only 346 ◦C in simulation S13).
Hence the brittle behaviour indirectly affects the interplate
decoupling depth by modifying the interplate geotherm. The
dissipation energy associated with brittle deformation would
rather act as an accelerating factor than a decoupling trig-
ger, actually. In simulation S10LG, performed with an ex-
tremely low friction coefﬁcient, dissipation rate and temper-
ature along the subduction interface are very low (Fig.7). The
interplate decoupling depth requires a longer subduction du-
ration to reach a stable location, but ﬁnally stabilizes at the
same depth as the one modelled in simulation S10 (Fig. 4b).
I conclude that it is the thermomechanical equilibrium at the
down-dip extent of the interplate plane/mantle wedge tip that
0 km 111
111
55.5
0
km
Interplate
sampling line
Brittle-
ductile boundary
Fig. 8. Simulation S6 (rheology C6, 100-Myr-old incoming litho-
sphere, Table 2), 12Myr after subduction initiation: close-up on the
subduction interface. One isotherm (black line) every 200◦C. The
blue ﬁlled domain represents the weak subducting layer. Outlines of
dissipation energy rate (green lines) are depicted every 20µWm−3.
ﬁnally governs the interplate decoupling depth, and not the
brittle behaviour occurring at shallow depths.
3.4 Conditions favouring zBDT = zdec
The BDT and the limit of kinematic decoupling between the
two converging plates occur at the same depth from 10Myr
after subduction initiation in simulations S13 and S13f14,
and from 12Myr in simulations S6, S12 and S10LG (Fig. 4).
In all cases the friction coefﬁcient is low (at maximum equal
to 0.045 in simulations S6 and S12, Table 2). A (relatively)
high friction coefﬁcient entails high shear stresses that ex-
ceedductilestressatshallowdepthsandminimizesbrittlede-
formation. A very low friction is hence necessary to sustain
brittle behaviour at deep levels. In most cases, the transition
frombrittletocreepdeformationisforcedbythesuddenhigh
temperatureincreaseinthevicinityoftheasthenosphere.The
BDT depth would thus be controlled by the decoupling depth
location, rather than vice versa. Simulation S6 shows that the
weak material ﬁlling the interplate boundary is mainly brit-
tle all along the converging boundary. Its upper part jumps to
the ductile domain exactly at the depth z = zdec (Fig. 8). The
basic inﬂuence of corner ﬂow observed when zBDT = zdec is
alsosuggestedbythecomparisonofinterplatestressbetween
simulations S13 and S13f14 (Fig. 5), where a low astheno-
spheric strength shallows zdec and yields a BDT shallowing
of the same amount. To sum up, the situation where the BDT
occurs at the down-dip extent of the interplate plane is condi-
tioned by a low interplate friction coefﬁcient and/or by a low
asthenosphere viscosity at the mantle wedge tip. It is how-
ever far from being a general case, as initially assumed by
Arcay et al. (2007b,a, 2008).
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4 Interplate dynamics for a young incoming lithosphere
In this section, the initiation of a young and hot lithosphere
subduction under a 100-km-thick upper plate is investigated
as a function of the rheological parameter set. The model
setup is depicted in Fig. 2b. The same rheologies as in the
previous section are tested. The inﬂuence of the weak layer
density is also tested. Before presenting the modelling re-
sults, a synthesis from old plate subduction modelling is
brieﬂy summarised to discuss which factors are likely to be
the most sensitive for the initiation of young lithosphere sub-
duction.
4.1 Parameters favouring the interplate kinematic
decoupling: key parameters for the initiation of
a hot lithosphere subduction
Strain localisation allowing for kinematic decoupling be-
tween the two converging plates is carried out from the
surface to the BDT depth thanks to the low crustal brittle
yield strength. In the ductile part of the interplate plane (for
zBDT < z ≤ zdec), the localisation of deformation is favoured
by a high difference in activation energy between the inter-
plate layer and the surrounding mantle. Localisation is also
helped by the non-Newtonian strength, decreasing in high
strain rate areas, that focuses deformation within highly de-
forming and low strength layers. Note that the kinematic
decoupling at the interplate down-dip extent is promoted if
zBDT = zdec, because shear heating contributes to decrease
stress. In the vicinity of the asthenosphere, high strain rates
along the interplate plane separate in two main branches
(Fig. 1b): one at the viscous blanket surface where the as-
thenosphere is sheared by slab drag, and the second spread-
ing out along the overlapping plate base where the upper
part of the corner ﬂow takes place. The kinematic decou-
pling stops at z = zdec, because strain localisation within the
weak crust layer is shifted towards the viscous blanket sur-
face where the hot asthenosphere is very soft. For a young
subducting lithosphere, the kinematic decoupling in the in-
terplate ductile part may be hindered by the hot subducting
thermal state: On one hand, the downward slab pull that ver-
ticalises the convergent motion is reduced, and, on the other
hand, the thermal gradient between subducting slab and hot
asthenosphere (and thus the viscous drag efﬁciency) is less-
ened. To test the ﬁrst point, different densities of the weak
crust layer are tested. The second one might be partly com-
pensated if a low viscosity is added at the mantle wedge tip.
4.2 Results: convergence mode of a young subducting
lithosphere – inﬂuence of rheology
The subduction of a 18Myr-old (∼ 50km thick) lithosphere
under a 100-km-thick lithosphere is performed with the ﬁve
rheological sets discussed in section 3 (C6, C10, C12, C13,
and C14b) with different densities of the weak layer. Addi-
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b. Rheology C6
Subducting lithosphere age = 18 Myr
-111 0 km 111 km 222 333
222
111
km
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a. Rheology C10
Subducting lithosphere age  = 18 Myr
Fig. 9. Simulation of a young and hot lithosphere subduction, using
rheology C10 ((a), simulation S10b, Table 2) and C6 ((b), simula-
tion S6b), 6Myr after convergence initiation. Close-up on the sub-
duction zone. One isotherm (black line) every 200◦C. Thick black
outlines are depicted every 20% increase in crust concentration.
Outlines of dissipation energy rate (red lines) are depicted every
20µWm−3. Outlines of constant strain rates in green are depicted
every 4×10−14 s−1.
tional tests are performed with a decreased asthenospheric
viscosity. The subduction process initiates nicely in simula-
tions S10b, S13b, and S14b. The kinematic decoupling be-
tween the two converging plates and the kinematic coupling
with the mantle stir up the corner ﬂow and make the subduc-
tion process sustainable (Fig. 9a). On the contrary, in sim-
ulations S6b, S12b, and S12b2, the subduction process at
the interplate down-dip extent slows down and eventually
gets jammed along the sublithospheric layer. In these three
cases, the interplate plane is locked very soon (in less than
6Myr after simulation start) while convergence at the down-
dip extent, initially with a 30◦dipping angle, becomes hori-
zontal (Fig. 9b). As a consequence, the downwards astheno-
sphere drag at the subducting slab surface stops, and the up-
per branch of the corner ﬂow necessary to heat and decouple
mechanically the slab surface from the overlying plate base
is not active. The subducted slab is thermally weakened and
ﬁnally drips.
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ity reduction is modelled in the asthenosphere, resulting in zBDT =
zdec at all ages.
In simulation S12b, subduction fails because the weak
crust is not able to dig efﬁciently its own way towards the as-
thenosphere and accumulates at shallow depths, which jams
the interplate, but the crust buoyancy is set to zero in simula-
tionS12b2withoutimprovingthesubductioninterplatefunc-
tioning. The interplate jamming is not observed in simula-
tionsS6bandS12b2,althoughperformedwithacrustdensity
lower than the mantle density (–190 and –80kgm−3, respec-
tively, Table 2), but subduction stops as the kinematic cou-
pling between slab and asthenosphere is still never triggered.
Interplate geotherms in simulations S6b, S12b, and S12b2
are close to those simulated in simulations S10b, S13b, and
S14b. It is hence not the interplate geotherm that governs
alone the efﬁciency of the interplate kinematic decoupling
but probably the corresponding strength contrast between
mantle and crust. The three simulations showing a jammed
subduction are also the three ones with the lowest 1Ea. Sup-
plementary simulations identical to S6b, S12b and S12b2 are
performed by including the hydrous strength decrease ap-
plied in rheology C13f14 (A0 in Eq. 2 is replaced by A0/14)
without improving the interplate decoupling that cannot oc-
cur at the interplate down-dip extent. Hence, 1Ea appears
as a basic parameter to model a successful initiation of sub-
duction in this setup. A minimum 1Ea may be necessary
to compensate for the cold interplate thermal state to sus-
tain the crust weakness with respect to a normal and thence
hotter mantle. Above ∼ 67km depth, high strain rates jump
into the basal sublayer of the forearc lithosphere, suggesting
that above this depth the forearc mantle becomes the local-
ising layer (Fig. 9b). The slab ﬂattening is likely to further
enhance the interplate cooling and strengthening. However,
if a high 1Ea might promote the interplate kinematic decou-
pling in the vicinity of the hot upper sublithospheric layer,
note that a too high 1Ea could result in a buoyant crustal
layer too soft to remain attached to the slab, if eclogitization
is not modelled.
4.3 Interplate geometry for a young incoming
lithosphere – comparison to an old plate subduction
Figure 10 compares the BDT and the interplate decoupling
depths modelled 12Myr after subduction initiation, for 18-
Myr-old and 100-Myr-old subducting lithospheres. Rheolo-
gies for which subduction of a hot lithosphere fails are not in-
cluded. Two additional simulations, S13c and S13f14c, per-
formed with an intermediate lithosphere age of 30Myr at
the trench (Table 2) are displayed. The situation zdec = zBDT
is modelled for a young incoming plate only if a hydrous
strength reduction is applied at the asthenospheric wedge tip
(simulation S13f14c). Generally, the subducting lithosphere
ageing deepens a bit the BDT depth for high friction coefﬁ-
cients(by∼3km,rheologiesC10andC14b)butsigniﬁcantly
if low frictions are imposed (rheology C13, zBDT deepening
of 25km). The deepening effect of the incoming lithosphere
ageing is the direct consequence of the interplate geotherm
cooling. Note that the weak crust density modiﬁes a bit the
interplate dip angle and a lot the deep slab dip, while buoyant
crust reduces dip angles (Table 2). The dip angle decrease
associated with crust buoyancy cools the interplate domain
and, consequently, deepens both zBDT (offset of only 3km
between simulation S13b and S13b2, Fig. 10) and zdec (deep-
ening by 8.5km).
Contrary to zBDT, the decoupling depth shallows with the
subducting lithosphere ageing (by ∼ 10km and 17km, re-
spectively, for rheologies C13 and C14b, respectively). This
may result from the high viscosity of the viscous blanket
when the subducting plate is old: low temperatures at the slab
surface strengthen the viscous blanket that is then able to mo-
bilise a thicker layer of hot asthenosphere, and emphasises
the corner ﬂow effect on the shallow interplate weakening.
This effect is small for rheology C10, where zdec is very deep
for an old subducting lithosphere and already close to the
upper plate thickness, and cannot be much more deepened
for a young lithosphere subduction (deepening of ∼3km
between Alith =100Myr and Alith=18Myr). Note that the
hydrous strength decrease simulated in the asthenospheric
wedge shallows zdec also for a young incoming lithosphere
(compare simulations S13c and S13f14c). In that case, the
signiﬁcant zdec shallowing rises zdec up to the BDT depth. As
a consequence, the lithosphere ageing effect on zdec cancels
the BDT deepening for this speciﬁc rheology and shallows
the BDT, in spite of interplate cooling.
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Fig. 11. Compressive force through time, applied on the young subducting plate, to sustain a constant convergence rate of 6.5cmyr−1, for
different rheological models, subducting lithosphere ages, and weak layer densities.
4.4 Consequences for subduction initiation and
perennity
To test the viability of the subduction system, the compres-
sive force exerted by the kinematic boundary condition to
sustain a constant convergence rate of 6.5cmyr−1 is com-
puted as the deviation of horizontal deviatoric stresses, σxx,
from hydrostatic stresses in an oceanic column of density ρref
(Christensen, 1992):
Fs = −
zc Z
0
σxxdz+
zc Z
0
ρref(z)zgdz (3)
where zc is the compensation depth (259km depth). Fs > 0
indicates a compressive stress state. Subduction is realisti-
cally modelled if Fs approximates that of natural tectonic
force, that is, not higher than 1013 Nm−1. This force be-
comesrapidlyexcessivewhenthemechanicaldecouplingbe-
tween the two converging plate does not occur, as simulated
in simulations S6b and S12b (Fig. 11). Setting to zero the
weak layer buoyancy has no effect on the extremely high
exerted compression (simulation S12b2). However, a zero
density contrast between weak crust and mantle, 1ρc, is re-
quired to maintain the applied force to subduct to an accept-
able level with rheology C13, even if (1) the subduction in-
terplate decoupling properly works and (2) the weak crust
friction coefﬁcient is low. The alternative to model a realistic
compressive force (but still high, by ∼ 6.7×1012 N/m) is to
decrease the asthenosphere strength in the mantle wedge tip
(rheology C13f14). Finally, note that the weak layer friction
coefﬁcient strongly increases the force resistant to subduc-
tion: close to steady-state subduction, Fs ∼ 2.8×1012 N/m
in simulation S13 (γc = 0.034, 1ρc=0kgm−3) increases
to Fs ∼ 7.3×1012 Nm−1 in simulation S14b (γc = 0.069,
1ρc=0kgm−3).
5 Discussion
5.1 Friction coefﬁcient along the interplate shear zone
The coefﬁcient of friction along the subduction fault plane
is still a matter of debate, and the low to very low val-
ues chosen here may be questionable. Numerous studies of
convergence argue for friction coefﬁcients higher than 0.2,
such as in northern Chile (Delouis et al., 1998), Himalayas
(Cattin and Avouac, 2000), Andaman–Sumatra (Cattin et al.,
2009), as also indicated by accretionary/non-accretionary
wedge dynamics (Lallemand et al., 1994). On the contrary,
very low frictional coefﬁcients (0.05 ≤ γc < 0.09 and even
γc = 0.03) have been invoked to explain low stress state in
Cascadia, Kermadec, NE and SW Japan subduction zones
(Wang et al., 1995; Wang and Suyehiro, 1999; Wang and
He, 1999; von Herzen et al., 2001) or low shear stress es-
timates from subduction megathrusts (Lamb, 2006). Simi-
larly, Tichelaar and Ruff (1993) assume low friction coef-
ﬁcients (0.047 ≤ γc < 0.13) to predict shear stresses along
the subduction plane from heat ﬂow data inversion. Such low
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Fig. 12. brittle-ductile transition depth (a) and interplate decoupling depth (b) modelled in this study (crosses) as a function of the subduc-
tion thermal parameter, φ. For all subduction zones, the thermal parameter, φ = Alith×vsub×sinθ, is computed using the Submap database
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coefﬁcients of effective friction could result from high pore
pressure and porosity down to a few tens of kilometer depth,
as suggested in NE Japan (Magee and Zoback, 1993) and in
the Cascadia subduction zone (Peacock et al., 2011). More-
over,numericalmodelsofdynamicsubductionsimulatingre-
alistic viscoplastic rheology (including sometimes elasticity)
reveal that a low strength interplate plane (γc < 0.1) is re-
quired to model realistic convergence of strong lithospheres
(Hassani et al., 1997; Hall and Gurnis, 2003; Sobolev and
Babeyko, 2005; Tagawa et al., 2007; Gorczyk et al., 2007).
Geryaetal.(2008)showthataveryhighstrengthcontrastbe-
tween converging plates and the sheared interplate material,
favoured by an interplate friction coefﬁcient close to zero, is
necessary to model one-sided subduction over a wide range
of subducting lithosphere age. Finally, this suggests strong
variations of friction properties from a subduction plane to
another, depending on the local lithology, stratigraphy and
thermal state. One possible way to reconcile high and low
friction coefﬁcient estimates might be to test a friction coef-
ﬁcient signiﬁcantly varying with depth, as a function of tem-
perature, ﬂuid pressure, and metamorphic reactions.
5.2 BDT and subduction decoupling depth in nature
A minimum boundary for zBDT can be inferred from the
maximum seismogenic depth along the subduction inter-
face. The maximum depth of seismic coupling was initially
thought to be restricted to 40km depth (Ruff and Kanamori,
1983), but more recent studies suggest a broad interval, be-
tween 20–55km (Tichelaar and Ruff, 1993) and up to 35–
70km (Pacheco et al., 1993, based a 19 subduction zones),
which was very recently conﬁrmed by a worldwide subduc-
tion catalogue analysis (Heuret et al., 2011), showing that
the down-dip extent of seismic coupling is well beyond the
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upper plate Moho depth in 70% of subduction zones. Re-
cent mega-earthquakes at subduction zones also suggest that
seismogenic slip occurs up to 55km depth (Lay et al., 2012).
Figure 12a compares BDT depths modelled in this paper and
maximum interplate seismogenic depths in nature, labelled
Dz. The comparison is based on the subduction thermal pa-
rameter, φ, deﬁned by the product of the lithosphere age
at trench, Alith, and of the vertical descending slab veloc-
ity, vsub ×sinθ, where vsub is the down-dip subduction rate
normal to the trench and θ is the interplate dip angle. The
simulated interplate dip after 12Myr of subduction is listed
in Table 2. The depth of tectonic tremors, whose hypocen-
ters are found to be close to the interplate fault, can also be
used as a bound for zBDT, since tectonic tremors are often
argued to occur in the transition realm between seismic slip
andaseismiccreep(e.g.Ide,2012;Layetal.,2012,Fig.12a).
One might expect that hypocenters of tectonic tremors would
be located directly beyond Dz, but this is not systematically
observed, as for instance, in Alaska, where tectonic tremors
could be much deeper than Dz, or in Mexico and Costa Rica,
where tectonic tremors are shallower than Dz (Fig. 12a).
Being aware that the relationship between tectonic tremors
and the maximum down-dip extent of the seismogenic in-
terplate may not be straightforward and is well beyond the
scope of this study, both types of data are here simply used
to constrain the interplate modelling. Considering the range
of seismogenic constraints as an upper bound for the BDT
depth in the present modelling, rheologies C10 and C14b
are the best candidates to ﬁt observations for very differ-
ent subducting plate ages, meaning that the modelled fric-
tion coefﬁcient should be close to 0.069. At low subduction
thermal parameters (φ < 1000km), the BDT depth modelled
with rheology C13 (and even C13f14) is in agreement with
tectonic tremor depths in eastern Alaska, but only rheology
C13f14 is in agreement with Dz values observed at high φ
(> 3000km). Low friction coefﬁcients and low 1Ea (rhe-
ology C12, even possibly C6) also ﬁt Dz estimates for cold
subductions, but are inadequate to simulate subductions of
a young and hot lithosphere. Very low friction coefﬁcients
are excluded (γc ≤ 0.034, rheologies C13 and C10LG) to
model the interplate BDT for cold subduction zones. This
ﬁnally suggests a minimum friction coefﬁcient of 0.045 to
simulate zBDT ≤ 65km if hydrated asthenosphere viscosity
decrease is not simulated (rheology C6, Fig. 4b). The oc-
currence of zBDT = zdec is then unlikely, unless the mantle
wedge presents a low viscosity, possibly sustained by the
diving slab dehydration and mantle wedge metasomatism,
which questions the necessary amount of strength reduction
associated with ﬂuid permeation.
How can the interplate decoupling depth in this model be
constrained? Two main types of geophysical data may be
looked at: seismic wave (attenuation) tomography and heat
ﬂows proﬁles. Once again, the comparison between mod-
elling results and observations is based on the subduction
thermal parameter. Abers et al. (2006) show that the sharp
lateral transition between hot asthenosphere at the mantle
tip and the cooled fore-arc nose on top of the cold sub-
ducting slab surface is probably imaged by an abrupt lat-
eral increase in seismic wave velocities and/or in seismic
wave quality factor, Q, as observed in NE Japan, Casca-
dia, and Alaska (Zhao et al., 1992, 2001; Stachnik et al.,
2004). zdec would then be inferred at a depth of ∼ 45km
at minimum in Cascadia, ∼65km in Alaska, and possibly
around 65km in NE Japan (Fig. 12b). It is however difﬁcult
to interpret deﬁnitely the transition from high to low seis-
mic wave velocity in the vicinity of the slab surface in terms
of temperature increase close to the asthenospheric mantle
wedge, as low seismic velocity anomalies may be related to
either partial melting, possibly compatible with high temper-
atures, or on the contrary to serpentinisation in the fore-arc
lithospheric mantle (Bostock and van Decar, 1995; Bostock
et al., 2002; Brocher et al., 2003), implying low tempera-
tures (antigorite being stable below ∼ 650 ◦C, Schmidt and
Poli, 1998). Proﬁles of surface heat ﬂux perpendicular to
the trench display in the area located just after the trench
the upper plate surface cooling induced by subduction and
fore-arc cooling and, moving far away from the trench, the
progressive fore-arc re-heating towards the volcanic front
with a signiﬁcant increase on top of the decoupling depth.
The location of the maximum heat ﬂux detected just ahead
the volcanic arc, combined with the subducting slab geom-
etry imaged by seismic data and/or Wadati–Benioff zone,
can then be used to evaluate zdec. Furukawa (1993) shows
that the heat ﬂux increase from the trench toward the vol-
canic arc can be simulated only if zdec is set to 70km in
thermo-kinematic models of the NE Japan subduction zone
(Fig. 12b), in agreement with the zdec value inferred from
seismic wave tomography. Two additional cold subduction
zones (high φ) with a sufﬁcient resolution in surface heat
ﬂow can be discussed: Hikurangi (Townend, 1997, and the
Global Heat Flow Database from the International Heat Flow
commission, http://www.heatﬂow.und.edu/index2.html, up-
dated 12 January 2011) and Kermadec (von Herzen et al.,
2001). In Hikurangi, the maximum heat ﬂow (110mWm−2)
is located ∼ 130km in front of the volcanic front, while in
Kermadec it is very close to the volcanic arc (20–35km,
∼130mWm−2). Using for both the subduction geometry in-
ferred from the EHB catalog (Engdahl et al., 1998, subduc-
tion proﬁles being extracted through the Submap extraction
tool, http://submap.gm.univ-montp2.fr/, Heuret et al., 2011),
the corresponding zdec should be around 35–40km in Hiku-
rangi, and encompassed between 50 and 75km in Kermadec.
In the Cascadia subduction zone, the heat ﬂow increase at
the volcanic front (∼ 90mWm−2, Davies and Lewis, 1984;
Lewis et al., 1988, 1992; Hyndman and Lewis, 1999), ob-
served ∼200km away from the trench, would suggest an
interplate decoupling depth of ∼ 75km based on the sub-
duction geometry inferred from Fl¨ uck et al. (1997). Never-
theless, thermo-kinematic modelling the mantle wedge ﬂow
performed by Currie et al. (2004) ﬁts heat ﬂow proﬁles when
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zdec is set to 60km depth. This is deeper than inferred from
seismic wave tomography study, showing a low velocity
anomalyattheslabsurfacestarting∼ 45kmdepth,anddeep-
ening by following the descending slab surface up to 60 km.
In the Sunda–Borneo subduction zone, the heat ﬂow increase
occurs ∼ 50km in front of the volcanic front (70mWm−2,
Hall and Morley, 2004, and the Global Heat Flow Database,
see above), around 330km away from the trench. Assuming
the subduction geometry extracted from the EHB catalogue,
the interplate decoupling depth would be encompassed be-
tween ∼ 50 and 75km. In Central Andes, the maximum sur-
face heat ﬂow in the fore-arc region (60mWm−2) is located
between 200 and 250km away from the trench (Springer
and Forster, 1998), and was modelled by a contact between
subducting slab/fore-arc mantle/hot asthenosphere at around
60–80km depth (Springer, 1999). However, other very high
heat ﬂux measured closer to the trench (50mWm−2, Hamza
and Munoz, 1996), 120–150km away from the trench, would
rather suggest a shallower zdec, encompassed between 40 and
50km depth. Finally, the maximum heat ﬂow in the fore-
arc area is detected ∼270km away from the trench in the
Mexico subduction zone (110mWm−2, Ziagos et al., 1985),
and would correspond to a slab–upper plate decoupling be-
tween 50 and 60km depth following the subduction geom-
etry proposed by Currie et al. (2002). The ﬁnal depth range
for zdec estimates is very broad (35–80km) and does not vary
monotonicallywithφ.Finally,subductionswithhighthermal
parameter (φ ≥ 2000km) are better reproduced by rheolo-
gies shallowing zdec, that is, including moderate to low 1Ea
and/or low asthenospheric viscosities (rheologies C12, C6,
C13, C13f14, and C14b). Note that none of them is able to
model the very shallow zdec observed in New Zealand. This
speciﬁc case would advocate for a strong viscosity reduction
in the hydrated asthenosphere to simulate a zdec shallower
than 50km, i.e. for a strength decreasing factor much higher
than 14 (maybe even higher than 50, Arcay et al., 2008). For
hot subduction zones, the above rough estimates of decou-
pling depth also argue for shallower zdec than modelled. This
could be obtained either (1) by increasing the activation vol-
ume (Fig. 6), but the chosen Va are already rather high; or
(2) by lowering 1Ea, but young plate subduction under thick
upper lithosphere is then hindered; or (3) by decreasing the
asthenospheric wedge viscosity, which eventually appears, at
least in this modelling as the most safety tool to model both a
sustainable subduction at any subducting plate age and a sub-
duction interplate with realistic characteristics, for both BDT
and kinematic decoupling depths. Moreover, the interplate
decoupling depth modelled with rheology C13f14 including
a hydrous ductile strength reduction is the closest to what is
observed in Alaska. Very hot subduction zones (φ < 400km)
are not modelled in this study, but the deepening effect on
zdec of young incoming lithosphere would predict a decou-
pling depth deeper than modelled for φ = 460km and, as a
consequence, much deeper than observed (Fig. 12b). None of
the rheological models tested in this paper is able to repro-
ducealonethewholerangeofobservedzBDT andzdec.Onthe
whole, heat ﬂow data indicate shallower zdec than modelled
in this paper, especially regarding minimum estimates in N
Chile, Central Andes, Hikurangi, and Sunda, which might
argue once again for a shallowing factor that could be at-
tributed to asthenospheric weakening in presence of ﬂuids.
One must remember that the subduction rate is identical in
all the presented simulations. Previous studies showed that
convergence rates higher than 6.5cmyr−1 would lead to de-
coupling depths shallower than simulated here, whereas low
convergence rates (1cmyr−1) would deepen zdec to more
than 120km for a 100-Myr-old subducting lithosphere (Ar-
cay et al., 2007b, 2008). I therefore conclude that the zdec
modellingproposedheresimulatesrealisticdown-dipextents
of the subduction interplate plane, and has the basic advan-
tage to model a self-consistent interplate dynamics.
6 Conclusions
By combining a non-Newtonian viscous rheology and a
pseudo-brittle rheology, thermomechanical models are per-
formed to model the long-term equilibrium state of a subduc-
tion interplate. The subduction interplate dynamics is shown
to be strongly dependent on both ductile and brittle strength
parameters. For an old subducting lithosphere, the brittle-
ductile transition depth mainly depends on the friction co-
efﬁcient and the activation energy of the interplate material;
i.e. high friction and low activation energy shallow the BDT.
If the BDT occurs at the kinematic decoupling depth, it is
then affected by the depth dependence of the ductile strength
and the asthenosphere strength at the mantle wedge tip. The
kinematic decoupling depth along the subduction plane is
strongly shallowed if the viscosity in the mantle wedge is
low, and moderately to sightly shallowed by an increase in
activation volume of the ductile strength, and/or a decrease
in 1Ea, the difference in activation energy between man-
tle and interplate material. Deep BDT can be simulated at
the depth of interplate kinematics only if very low inter-
plate friction coefﬁcients are modelled, and/or if a decrease
in asthenosphere strength, possibly associated with metaso-
matism, is included. Regarding young lithosphere subduc-
tion, a high activation energy contrast between mantle rocks
and the interplate medium is necessary to simulate a realis-
tic subduction of a 20-Myr old plate. Finally, both the BDT
depth and the decoupling depth depend on the subducting
plate age, but are not inﬂuenced in the same fashion: cool
and old subducting plates deepen the BDT but shallow the
interplate decoupling depth. Even if BDT and kinematic de-
coupling are intrinsically related to different mechanisms of
deformation, this work shows that they are able to interact
closely. Comparison between modelling results and observa-
tions suggests a minimum friction coefﬁcient of 0.045 for the
interplate plane, even 0.069 in some cases, to model realistic
BDT depths. The modelledzdec is abit deeperthan suggested
Solid Earth, 3, 467–488, 2012 www.solid-earth.net/3/467/2012/D. Arcay: Modelling of subduction interplate dynamics 485
by geophysical observations. I ultimately conclude that the
better way to improve the adjustment to observations may
rely on a moderate to strong asthenosphere viscosity reduc-
tion in the metasomatised mantle wedge.
Acknowledgements. I thank Serge Lallemand and Arnauld Heuret
for stimulating discussions on subduction dynamics and its mys-
terious interplate, and Susanne Buiter for having solicited me to
attend EGU 2011 in Vienna, which ended with this paper. I thank
Jeroen van Hunen, Manuele Faccenda, and Magali Billen for their
constructive reviews, which signiﬁcantly helped to improve the
manuscript. I express here my gratitude to Matthieu and Izia Lilla
for their warming support. This research was supported by the
CNRS-INSU SYSTER program 2010–2011.
Special Issue: “Subduction zones”
Edited by: S. Buiter, F. Funiciello, and J. van Hunen
References
Abers, G., van Keken, P., Kneller, E., Ferris, A., and Stachnick, J.:
The thermal structure of subduction zones constrained by seis-
mic imaging: slab dehydration and wedge ﬂow, Earth Planet. Sci.
Lett., 241, 387–397, 2006.
Andrews, D. and Sleep, N.: Numerical modelling of tectonic ﬂow
behind island arcs., Geophys. J. R. Astron. Soc., 38, 237–251,
1974.
Arcay, D., Tric, E., and Doin, M.-P.: Numerical simulations of sub-
duction zones: Effect of slab dehydration on the mantle wedge
dynamics, Phys. Earth Planet. Inter., 149, 133–153, 2005.
Arcay, D., Doin, M.-P., and Tric, E.: Overriding plate thin-
ning in subduction zones: Localized convection induced by
slab dehydration, Geochem. Geophys. Geosyst., 7, Q02007,
doi:10.1029/2005GC001061, 2006.
Arcay, D., Doin, M.-P., Tric, E., and Bousquet, R.: Inﬂuence of
the precollisional stage on the subduction dynamics and the bur-
ried crust thermal state: Insights from numerical simulations,
Tectonophysics, 441, 27–45, doi:10.1016/j.tecto.2007.06.001,
2007a.
Arcay, D., Tric, E., and Doin, M.-P.: Slab surface temperature in
subduction zones: Inﬂuence of the interplate decoupling depth
and upper plate thinning processes, Earth Planet. Sci. Lett., 255,
324–338, doi:10.1016/j.epsl.2006.12.027, 2007b.
Arcay, D., Lallemand, S., and Doin, M.-P.: Back-arc Strain
in Subduction Zones: Statistical Observations vs. Numer-
ical Modelling, Geochem. Geophys. Geosyst., 9, Q05015,
doi:10.1029/2007GC001875, 2008.
Audet, P., Bostock, M., Christensen, N., and Peacock, S.: Seismic
evidence for overpressured subducted oceanic crust and megath-
rust fault sealing, Nature, 457, 76–78, doi:10.1038/nature07650,
2009.
Billen, M. and Gurnis, M.: A low viscosity wedge in subduction
zones, Earth Planet. Sci. Lett., 193, 227–236, 2001.
Billen, M. and Hirth, G.: Newtonian versus non-Newtonian up-
per mantle viscosity: Implications for subduction initiation, Geo-
phys. Res. Lett., 32, L19304, doi:10.1029/2005GL023457, 2005.
Bostock, M. and van Decar, J.: Upper mantle structure of the north-
ern Cascadia subduction zone, Can. J. Earth Sci., 32, 1–12, 1995.
Bostock, M., Hyndman, R., Rondenay, S., and Peacock, S.: An in-
verted continental Moho and serpentinization of the forearc man-
tle, Nature, 417, 536–538, 2002.
Boyarko, D. and Brudzinski, M.: Spatial and temporal pat-
terns of nonvolcanic tremor along the southern Casca-
dia subduction zone, J. Geophys. Res., 115, B00A22,
doi:10.1029/2008JB006064, 2010.
Branlund, J., Regenauer-Lieb, K., and Yuen, D.: Weak zone forma-
tion for initiating subduction from thermo-mechanical feedback
of low-temperature plasticity, Earth Planet. Sci. Lett., 190, 237–
250, 2001.
Brocher, T., Parsons, T., Tr´ ehu, A., Snelson, C., and Fisher, M.:
Seismic evidence for widespread serpentinized forearc upper
mantle along the Cascadia margin, Geology, 31, 267–270, 2003.
Brown, J. R., Beroza, G. C., Ide, S., Ohta, K., Shelly, D. R.,
Schwartz, S. Y., Rabbel, W., Thorwart, M., and Kao, H.: Deep
low-frequency earthquakes in tremor localize to the plate in-
terface in multiple subduction zones, Geophys. Res. Lett., 36,
L19306, doi:10.1029/2009GL040027, 2009.
Brown, J. R., Prejean, S. G., Beroza, G. C., Gomberg, J. S., and
Haeussler, P. J.: Evidence for deep tectonic tremor in the Alaska-
Aleutian subduction zone, in: AGU Fall Meeting, EOS, Transac-
tions, American Geophysical Union, abstract S23A-2091, 2010.
Cattin, R. and Avouac, J.: Modeling mountain building and the
seismic cycle in the Himalaya of Nepal, J. Geophys. Res., 105,
13389–13407, 2000.
Cattin, R., Chamot-Rooke, N., Pubellier, M., Rabaute, A., De-
lescluse, M., Vigny, C., Fleitout, L., and Dubernet, P.:
Stress change and effective friction coefﬁcient along the
Sumatra-Andaman-Sagaing fault system after the 26 De-
cember 2004 (Mw = 9.2) and the 28 March 2005 (Mw =
8.7) earthquakes, Geochem. Geophys. Geosyst., 10, Q03011,
doi:10.1029/2008GC002167, 2009.
Chopra, P. and Paterson, M.: The experimental deformation of
dunite, Tectonophysics, 78, 453–473, 1981.
Christensen, U. and Yuen, D.: The interaction of a subducting litho-
sphere slab with a chemical of phase boundary, J. Geophys. Res.,
89, 4389–4402, 1984.
Christensen, U. R.: Convection with pressure- and temperature-
dependentnon-Newtonianrheology,Geophys.J.R.Astron.Soc.,
77, 343–384, 1984.
Christensen, U. R.: An Eulerian technique for thermomechanical
modeling, J. Geophys. Res., 97, 2015–2036, 1992.
Collot, J.-Y., Ribodetti, A., and Sage, F.: The South Ecuador
subduction channel:Evidence for a dynamic mega-shear zone
from 2D ﬁne-scale seismic reﬂection imaging and implica-
tions for material transfer, J. Geophys. Res., 116, B11102,
doi:10.1029/2011JB008429, 2011.
Conder, J.: A case for hot slab surface temperatures in numerical
viscous ﬂow models of subduction zones with an improved fault
zone parameterization, Phys. Earth Planet. Inter., 149, 155–164,
2005.
Currie, C., Hyndman, R., Wang, K., and Kostoglodov, V.: The
thermal of the Mexico subduction zone: Implications for the
megathrust seismogenic zone, J. Geophys. Res., 107, 2370,
doi:10.1029/2001JB000886, 2002.
Currie, C., Wang, K., Hyndman, R., and He, J.: The thermal effects
of steady-state slab-driven mantle ﬂow above a subducting plate:
the Cascadia subduction zone and backarck, Earth Planet. Sci.
www.solid-earth.net/3/467/2012/ Solid Earth, 3, 467–488, 2012486 D. Arcay: Modelling of subduction interplate dynamics
Lett., 223, 35–48, 2004.
Davaille, A. and Jaupart, C.: Transient high-Rayleigh number ther-
mal convection with large viscosity variations, J. Fluid. Mech.,
253, 141–166, 1993.
Davies, E. and Lewis, T.: Heat ﬂow in a back-arc environment:
Intermontane and Omineca crystalline belts, southern Canadian
Cordillera, Can. J. Earth Sci, 21, 715–726, 1984.
Delouis, B., Philip, H., Dorbath, L., and Cisternas, A.: Recent
crustal deformation in the Antofagasta region(northern Chile)
and the subduction process, Geophys. J. Int., 132, 302–338,
1998.
Doin, M.-P. and Fleitout, L.: Thermal evolution of the oceanic litho-
sphere: an alternative view, Earth Planet. Sci. Lett., 142, 121–
136, 1996a.
Doin, M.-P. and Henry, P.: Subduction initiation and continental
crust recycling: the roles of rheology and eclogitization, Tectono-
physics, 342, 163–191, 2001.
Dumoulin, C., Doin, M.-P., and Fleitout, L.: Heat transport in stag-
nant lid convection with temperature- and pressure-dependent
Newtonian or non-Newtonian rheology, J. Geophys. Res., 104,
12759–12778, 1999.
Dumoulin, C., Doin, M.-P., and Fleitout, L.: Numerical simulations
of the cooling of an oceanic lithosphere above a convective man-
tle, Phys. Earth Planet. Inter., 125, 45–64, 2001.
Dumoulin, C., Doin, M.-P., Arcay, D., and Fleitout, L.: Onset of
small-scale instabilities at the base of the lithosphere: scaling
laws and role of pre-existing lithospheric structures, Geophys.
J. Int., 160, 344–356, 2005.
Eberle, M., Grasset, O., and Sotin, C.: A numerical study of the
interaction between the mantle wedge, the subducting slab, and
overriding plate, Phys. Earth Planet. Inter., 134, 191–202, 2002.
Engdahl, E., Van Der Hilst, R., and Buland, R.: Global teleisismic
earthquake relocation with improved travel times and procedures
for depth determination, Bull. Seismol. Soc. Am., 88, 722–743,
1998.
Faccenda, M., Gerya, T., and Chakraborty, S.: Styles of post-
subduction collisional orogeny: Inﬂuence of convergence veloc-
ity, crustal rheology and radiogenic heat production, Lithos, 103,
257–287, doi:10.1016/j.lithos.2007.09.009, 2008.
Fl¨ uck, P., Hyndman, R., and Wang, K.: 3-D dislocation model for
great earthquakes of the Cascadia subduction zone, J. Geophys.
Res., 102, 20539–20550, 1997.
Furukawa, Y.: Depth of the decoupling plate interface and thermal
structure under arcs, J. Geophys. Res., 98, 20005–20013, 1993.
Gerya, T., Connolly, J., and Yuen, D.: Why is terrestrial subduction
one-sided?, Geology, 36, 43–46, 2008.
Gomberg, J., Bedrosian, P., Bodin, P., Bostock, M., Brudzinski,
M., Creager, K., Dragert, H., Egbert, G., Ghosh, A., Henton, J.,
Houston, H., Kao, H., McCrory, P., Melbourne, T., Peacock, S.,
Roeloffs, E., Rubinstein, J., Schmidt, D., Tr` ehu, A., Vidale, J.,
Wang, K., and Wech, A.: Slow-slip phenomena in Cascadia from
2007 and beyond: a review, Geol. Soc. Am. Bull., 122, 963–978,
2010.
Gorczyk, W., Willner, A., Gerya, T., Connolly, J., and Burg,
J.-P.: Physical controls of magmatic productivity at Paciﬁc-
type convergent margins: New insights from numeri-
cal modeling, Phys. Earth Planet. Inter., 163, 209–232,
doi:10.1016/j.pepi.2007.05.010, 2007.
Hall, C. and Gurnis, M.: Catastrophic initiation of subduction fol-
lowing forced convergence across fra ctures zones, Earth Planet.
Sci. Lett., 212, 15–30, 2003.
Hall, R. and Morley, C. K.: Sundland basins, in: Continent-Ocean
Interactions within East Asian Marginal Seas, edited by: Clift, P.,
Kuhnt, W., Wang, P., and Hayes, D., 149 of Geophys. Monogr.
Ser., 55–85, AGU, Washington D.C., 2004.
Hamza, V. and Munoz, M.: Heat ﬂow map of South America,
Geothermics, 25, 599–646, 1996.
Hassani, R., Jongmans, D., and Ch´ ery, J.: Study of plate deforma-
tion and stress in subduction processes using two-dimensional
numerical models, J. Geophys. Res., 102, 17951–17965, 1997.
Heuret, A. and Lallemand, S.: Plate motions, slab dynamics and
back-arc deformation, Phys. Earth Planet. Inter., 149, 31–51,
2005.
Heuret, A., Lallemand, S., Funiciello, F., Piromallo, C., and Fac-
cenna, C.: Physical characteristics of subduction interface type
seismogenic zones revisited, Geochem. Geophys. Geosyst., 12,
Q01004, doi:10.1029/2010GC003230, 2011.
Hirth, G. and Kohlstedt, D.: Water in the oceanic upper mantle: im-
plications for rheology, melt extraction and the evolution of the
lithosphere, Earth Planet. Sci. Lett., 144, 93–108, 1996.
Honda, S.: Thermal structure beneath Tohoku, northeast Japan-a
case study for understanding the detailed thermal structure of the
ubduction zone, Tectonophysics, 112, 69–102, 1985.
Hyndman, R. and Lewis, T.: Geophysical consequences of the
Cordillera-Craton thermal transition in southwestern Canada,
Tectonophysics, 306, 397–422, 1999.
Ide, S.: Variety and spatial heterogeneity of tectonic
tremor worldwide, J. Geophys. Res., 117, B03302,
doi:10.1029/2011JB008840, 2012.
Kao, H., Shan, S., Dragert, H., and Rogers, G.: Northern Cas-
cadia episodic tremor and slip: a decade of tremor observa-
tions from 1997 to 2007, J. Geophys. Res., 114, B00A12,
doi:10.1029/2008JB006046, 2009.
Karato, S.-I., Paterson, M., and FitzGerald, J.: Rheology of syn-
thetic olivine aggregates: inﬂuence of grain size and water, J.
Geophys. Res., 91, 8151–8176, 1986.
Kelemen, P., Rilling, J., Parmentier, E., Mehl, L., and Hacker, B. R.:
Thermal structure due to solid-state ﬂow in the mantle wedge be-
neath arcs, in: Inside the Subduction factory, edited by: Eiler, J.,
Geophys. Monogr. Ser., AGU, Washington D.C., 293–311, 2003.
Kincaid, C. and Sacks, I.: Thermal and dynamical evolution of the
upper mantle in subduction zones, J. Geophys. Res., 102, 12295–
12315, 1997.
Kirby, S.: Rheology of the lithosphere, Rev. Geophys., 21, 1458–
1487, 1983.
Kneller, E., van Keken, P., Karato, S., and Park, J.: B-type olivine
fabric in the mantle wedge: Insights from high-resolution non-
Newtonian subduction zone models, Earth Planet. Sci. Lett., 237,
781–797, 2005.
Kneller, E., van Keken, P., Katayama, I., and Karato, S.: Stress,
strain, and B-type olivine fabric in the fore-arc mantle: Sensitiv-
ity tests using high-resolution steady-state subduction zone mod-
els, J. Geophys. Res., 112, B04406, doi:10.1029/2006JB004544,
2007.
Kukaˇ cka, M. and Matyska, C.: Inﬂuence of the zone of weakness
on dip angle and shear heating of subducted slabs, Phys. Earth
Planet. Inter., 141, 243–252, 2004.
Solid Earth, 3, 467–488, 2012 www.solid-earth.net/3/467/2012/D. Arcay: Modelling of subduction interplate dynamics 487
Kukaˇ cka, M. and Matyska, C.: Numerical models of heat ﬂow in
back-arc regions, Earth Planet. Sci. Lett., 276, 243–252, 2008.
Lallemand, S.: High rates of arc consumption by subduction pro-
cesses: Some consequences, Geology, 23, 551–554, 1995.
Lallemand, S., Schn¨ urle, P., and Manoussis, S.: Reconstruction of
subduction zone paleogeometries and quantiﬁcation of upper
plate material losses caused by tectonic erosion, J. Geophys.
Res., 97, 217–239, 1992.
Lallemand, S., Schn¨ urle, P., and Malavieille, J.: Coulomb theory
applied to accretionary and nonaccretionary wedges: Possible
causes for tectonic erosion and/or frontal accretion, J. Geophys.
Res., 99, 12033–12056, doi:10.1029/94JB00124, 1994.
Lamb, S.: Shear stresses on megathrusts: Implications for moun-
tain building behind subduction zones, J. Geophys. Res., 111,
B07401, doi:10.1029/2005JB003916, 2006.
Lay, T., Kanamori, H., Ammon, J., Koper, K., Hutko, A., Ye,
L., Yue, H., and Rushing, T.: Depth-varying rupture properties
of subduction zone megathrust faults, J. Geophys. Res., 117,
doi:10.1029/2011JB009133, 2012.
Lewis, T., Bentkowski, W., Davis, E., Hyndman, R., Souther, J.,
and Wright, J.: Subduction of the Juan de Fuca Plate: thermal
consequence, J. Geophys. Res., 93, 15207–15227, 1988.
Lewis, T., Bentkowski, W., and Hyndman, R.: Crustal temperatures
near the Lithoprobe corridor Southern Canadian Cordillera Tran-
sect, Can. J. Earth Sci., 29, 1197–1214, 1992.
Magee, M. and Zoback, M.: Evidence for a weak interplate thrust
fault along the northern Japan subduction zone and implications
for the mechanics of thrust faulting and ﬂuid explusion, Geology,
21, 809–812, 1993.
Morency, C., Doin, M.-P., and Dumoulin, C.: Convective destabi-
lization of a thickened continental lithosphere, Earth Planet. Sci.
Lett., 202, 303–320, 2002.
Obara, K.: Nonvolcanic deep tremor associated with subduction in
Southwest Japan, Science, 296, 1679–1681, 2002.
Pacheco, J., Sykes, L., and Scholz, C.: Nature of seismic coupling
along simple plate boundaries of the subduction type, J. Geo-
phys. Res., 98, 14133–14160, 1993.
Peacock, S. and Hyndman, R.: Hydrous minerals in the mantle
wedge and the maximum depth of subduction thrust earthquakes,
Geophys. Res. Lett., 26, 2517–2520, 1999.
Peacock, S., Christensen, N., Bostock, M., and Audet, P.: High pore
pressures and porosity at 35km depth in the Cascadia subduction
zone, Geology, 39, 471–474, 2011.
Peterson, C. L. and Christensen, D. H.: Possible relationship
between nonvolcanic tremor and the 1998–2001 slow slip
event, south central Alaska, J. Geophys. Res., 104, B06302,
doi:10.1029/JB089iB08p06980, 2009.
Ribe,N.andChristensen,U.:Thre-dimensionalmodelingofplume-
lithosphere interaction, J. Geophys. Res., 99, 699–682, 1994.
Ruff,L.andKanamori,H.:Seismiccouplinganduncouplingatsub-
duction zones, Tectonophysics, 99, 99–117, 1983.
Schmidt, M. and Poli, S.: Experimentally based water budgets for
dehydrating slabs and consequences for arc magma generation,
Earth Planet. Sci. Lett., 163, 361–379, 1998.
Sobolev, A. and Babeyko, A.: What drives orogeny in the Andes?,
Geology, 33, 617–620, 2005.
Springer, M.: Interpretation of heat-ﬂow density in the Central An-
des, Tectonophysics, 306, 377–395, 1999.
Springer, M. and Forster, A.: Heat-ﬂow density across the Central
Andean subduction zone, Tectonophysics, 291, 123–129, 1998.
Stachnik, J., Abers, G., and Christensen, D.: Seismic attenuation
and mantle wedge temperatures in the Alaska subduction zone, J.
Geophys. Res., 109, B10304, doi:10.1029/2004JB003018, 2004.
Syracuse, E., van Keken, P. E., and Abers, G.: The global range of
subduction zones thermal models, Phys. Earth Planet. Inter., 183,
73–90, 2010.
Tagawa, M., Nakakuki, T., Kameyama, T., and Tajima, F.: The
role of history-dependent rheology in plate boundary lubrication
for generating one-sided subduction, Pure Appl. Geophys., 164,
125–130, 2007.
Tichelaar, B. and Ruff, L.: Depth of seismic coupling along subduc-
tion zones, J. Geophys. Res., 98, 2017–2037, 1993.
Townend, J.: Estimates of conductive heat ﬂow through bottom-
simulating reﬂectors on the Hikurangi and southwest Fiord-
land continental margins, New Zealand, Mar. Geol., 141,
209–220, doi:10.1016/S0025-3227(97)00073-X, http://www.
sciencedirect.com/science/article/pii/S00253227970%0073X,
1997.
Turcotte, D. and Schubert, G.: Geodynamics: Applications of con-
tinuum physics to geological problems, Cambridge University
Press, New York, second edn., 1982.
van Hunen, J., van der Berg, A., and Vlaar, N.: On the role of sub-
ducting plateaus in the development of of shallow ﬂat subduc-
tion, Tectonophysics, 352, 317–333, 2002.
van Keken, P., King, S., Schmeling, H., Christensen, U., Neumeis-
ter, D., and Doin, M.-P.: A comparison of methods for the
modeling of thermochemical convection, J. Geophys. Res., 102,
22477–22495, 1997.
van Keken, P., Kiefer, B., and Peacock, S.: High-resolution models
of subduction zones: implications for mineral dehydration reac-
tions and the transport of water into the deep mantle, Geochem.
Geophys. Geosyst., 3, 1056, doi:10.1029/2001GC000256, 2002.
von Herzen, R., Ruppel, C., Molnar, P., Nettles, M., Nagihara, S.,
and Ekstr¨ om, G.: A constraint in the shear stress at the Paciﬁc-
Australian plate boundary from heat ﬂow and seismicity at the
Kermadec forearc, J. Geophys. Res., 106, 6817–6833, 2001.
Wada, I. and Wang, K.: Common depth of slab-mantle de-
coupling: Reconciling diversity and uniformity of subduc-
tion zones, Geochem. Geophys. Geosyst., 10, Q10009,
doi:10.1029/2009GC002570, 2009.
Wada, I., Wang, K., He, J., and Hyndman, R.: Weakening of the
subduction interface and its effects on surface heat ﬂow, slab de-
hydration, and mantle wedge serpentinization, J. Geophys. Res.,
113, B04402, doi:10.1029/2007JB005190, 2008.
Wang, K. and He, J.: Mechanics of low-stress forearcs:
Nankai and Cascadia, J. Geophys. Res., 104, 15191–15205,
doi:10.1029/1999JB900103, 1999.
Wang, K. and Suyehiro, K.: How does plate coupling affect crustal
stresses in Northeast and Southwest Japan?, Geophys. Res. Lett.,
26, 2307–2310, 1999.
Wang, K., Mulder, T., Rogers, G., and Hyndman, R.: Case for very
low coupling stress on the Cascadia subduction fault, J. Geophys.
Res., 100, 12907–12918, 1995.
Wilks, K. and Carter, N.: Rheology of some continental lower
crustal rocks, Tectonophysics, 182, 57–77, 1990.
Zhao, D., Hasegawa, A., and Horiuchi, S.: Tomographic imaging of
P- and S-wave velocity structure beneath Northeastern Japan, J.
www.solid-earth.net/3/467/2012/ Solid Earth, 3, 467–488, 2012488 D. Arcay: Modelling of subduction interplate dynamics
Geophys. Res., 97, 19909–19928, 1992.
Zhao, D., Wang, K., Rogers, G., and Peacock, S.: Tomographic im-
age of low P velocity anomalies above slab in northern Cascadia
subduction zones, Earth Planets Space, 53, 285–293, 2001.
Zhong, S. and Gurnis, M.: Mantle convection with plates and mo-
bile, faulted plane margins, Science, 267, 838–843, 1995.
Ziagos, J., , Blackwell, D., and Mooser, F.: Heat ﬂow in southern
Mexico and the thermal effects of subduction, J. Geophys. Res.,
90, 5410–5420, 1985.
Solid Earth, 3, 467–488, 2012 www.solid-earth.net/3/467/2012/